Similarities between the progressive immunodeficiency syndromes described for feline immunodeficiency virus (FIV) infection in domestic cats and human immunodeficiency virus (HIV) infection in humans have validated the use of the FIV animal model for testing anti-HIV vaccine strategies (6, 9) . The FIV model system has been utilized to test vaccine strategies with various degrees of success, depending on the type of immunogen and viral challenge involved. DNA immunization has emerged as a promising approach to the development of HIV type 1 vaccines based on the induction of potent virusspecific cellular immune responses observed in DNA vaccine trials in both mice and nonhuman primates (2, 18) . Studies testing particular proviral DNA or multiplasmid DNA vaccines in nonhuman primates revealed protection from either virus load or disease after challenge with pathogenic virus isolates (14, 19, 29, 34, 37) . Our previous studies revealed that immunization of cats with plasmid DNA containing an FIV provirus with a vif gene deletion (FIV-pPPR⌬vif) that has been shown to produce a highly attenuated virus (26) resulted in protection against infection with the wild-type (WT) homologous FIV isolate (25) . However, no clear immune correlates of protection could be discerned from this investigation. In other studies, defective FIV proviral DNA vaccines containing a deletion in either reverse transcriptase or integrase required coinoculation with expression plasmids encoding either gamma interferon (IFN-␥), interleukin-12 (IL-12), or IL-18 to elicit protection against WT virus challenge (13, 23) .
Similarly, various studies have demonstrated enhancement of simian immunodeficiency virus (SIV) or simian-human immunodeficiency virus (SHIV) DNA vaccine-elicited immune responses (3, 10) and improved vaccine efficacy against a pathogenic SHIV isolate (4) in rhesus macaques by the incorporation of cytokine expression plasmids. Th-1 cytokines, including IL-2, IFN-␥, IL-12, and IL-15 expression plasmids, have all been shown to augment antigen-specific T-cell responses when used as adjuvants for SIV/HIV DNA vaccines in both mice and nonhuman primates, although the amplitude of augmentation was not as consistent for primates (3, 10) . More novel approaches for codelivery of HIV type 1 antigen and cytokines have included bicistronic plasmids that coexpress a single antigen and cytokine and plasmids that express an antigen-cytokine fusion protein (5, 8, 28, 30) . Another strategy previously reported for coexpression of viral antigens and a cytokine adjuvant involved replacement of the viral nef gene with a specific cytokine gene within an SIV or SHIV genome to allow simultaneous expression of the virus and the cytokine, while also placing expression of the viral antigen and the cytokine adjuvant under similar regulatory constraints (15, 17, 20, 22, 33, 36) . These studies revealed that SIV/SHIV isolates with nef deletions that coexpressed IFN-␥ provided some protection against pathogenic virus challenge, while vaccine efficacy was less consistent for isolates that coexpressed IL-2.
Based on observations from multiple studies showing a pos-itive immunomodulatory effect of IFN-␥ on DNA vaccine efficacy, we constructed a modified FIV provirus with a vif gene deletion encoding the feline IFN-␥ gene (FIV⌬vifATG␥), which was shown to express IFN-␥ and to be severely restricted for replication in vitro (21) . In this study, we compared virusspecific cellular and humoral immune responses in cats immunized using different FIV-pPPR⌬vif-based DNA vaccine approaches that incorporated IFN-␥ as an adjuvant, including FIV⌬vifATG␥, and assessed their protection against an early challenge with a homologous WT FIV isolate. Our findings revealed that immunization with FIV-pPPR⌬vif-based DNA vaccines incorporating coexpression of IFN-␥ resulted in enhanced vaccine-induced cellular immune responses in comparison to vaccination with FIV-pPPR⌬vif only. In contrast to a previous study that demonstrated FIV-pPPR⌬vif DNA vaccine-induced protection against a later WT FIV challenge, FIV-pPPR⌬vif-vaccinated cats were not protected from WT virus challenge delivered within 13 weeks after immunization. Importantly, FIV⌬vifATG␥ immunization was also not protective against WT FIV challenge, despite enhanced cellular immune responses.
MATERIALS AND METHODS
Plasmids for vaccination. The FIV-pPPR⌬vif vif deletion mutant carrying a 375-bp deletion within the vif gene of the WT FIV-pPPR molecular clone was described previously (26) . The construction and characterization of FIV⌬vifATG␥ and pCDNA-IFN␥, a mammalian expression vector for feline IFN-␥, were also described previously (21) , and both plasmids were confirmed to express IFN-␥. Plasmid DNA stocks were prepared using a commercial Endofree kit (DNA Maxi prep; QIAGEN, Valencia, CA) and tested for endotoxin concentrations with a commercial kit (E-Toxate; Sigma, St. Louis, MO).
DNA immunizations and virus challenge. Twenty juvenile, specific-pathogenfree cats, aged 9 to 12 months, were obtained from a commercial vendor (Harlan, Indianapolis, IN) and placed in four experimental groups. One group (n ϭ 5) was inoculated by the intramuscular route with 600 g of FIV-pPPR⌬vif plasmid DNA resuspended in 1 ml of sterile physiological saline, a second group (n ϭ 5) with 600 g of FIV⌬vifATG␥ plasmid DNA resuspended in 1 ml of sterile physiological saline, and a third group (n ϭ 5) with 300 g each of FIV-pPPR⌬vif and pCDNA-IFN␥ plasmid DNA. Five cats inoculated with 1 ml sterile saline served as unvaccinated controls. Animals were assessed daily by physical examination and monitored for clinical signs. Blood samples were obtained every 2 to 4 weeks for hematological, virological, and immunological assays.
At 13 weeks following immunization, the cats were challenged by intramuscular injection with 10 50% cat infectious doses of a biological FIV-PPR virus stock prepared by sequential passage on feline peripheral blood mononuclear cells (PBMC). Blood samples were collected after challenge at time points similar to those described for vaccine DNA inoculation.
Virus detection. Virus was isolated from primary PBMC cell cultures prepared from each cat as previously described (25) . Extraction of DNA from PBMC harvested after inoculation with proviral DNA and of RNA from plasma collected after challenge was performed as described previously for assay of viral nucleic acid (31) . Briefly, RNA was purified from 140 l of plasma prepared from EDTA-treated whole blood using a QIAamp viral RNA mini kit (QIAGEN, Valencia, CA). Genomic DNA was isolated from PBMC using a QIAamp DNA blood mini kit (QIAGEN). Plasma RNA and PBMC DNA samples were assayed for FIV nucleic acid copy numbers using reverse transcription (RT) and quantitative real-time TaqMan PCR assays conducted on a 7700 ABI Prism sequence detector (Applied Biosystems, Foster City, CA) with FIV gag TaqMan probes and primer sequences by protocols previously described (16, 31) .
Hematology and lymphocyte subset analysis. Complete blood cell counts and differential leukocyte counts were performed on PBMC samples using standard methods. Enumeration of CD4 and CD8 peripheral blood lymphocyte subsets and determination of CD4:CD8 ratios were performed by flow cytometric analysis as previously described (1) .
FIV-specific antibody detection. Circulating FIV-specific antibodies in sera following inoculation and challenge were assayed by a commercial FIV antibody enzyme-linked immunosorbent assay (ELISA; IDEXX, Portland, ME). Serum samples collected from cats after vaccination and challenge were also analyzed for reactivity to native FIV envelope protein (Env) in a sensitive concanavalin A (ConA) ELISA (25) . Antibody endpoint titers were calculated to be the last serial twofold dilution whose optical density at 450 nm (OD 450 ) was twice that of normal cat serum. The avidity of plasma antibodies to native envelope proteins was determined by measuring the resistance of antibody-envelope glycoprotein complexes to 8 M urea in a ConA ELISA, adapting protocols previously described for SIV (11) . The avidity index calculation was based on the following equation: (OD 450 of phosphate-buffered saline-washed wells/OD 450 of ureawashed wells) ϫ 100%. The conformational dependence of FIV Env-specific antibodies was measured by comparing their reactivities to native and denatured viral glycoproteins in a ConA ELISA, adapting protocols used for assaying SIV Env proteins (11) .
FIV-specific CTL assay. FIV-specific cytotoxic-T-lymphocyte (CTL) activity was measured in PBMC isolated from cats at various time points after vaccination and challenge, as previously described (25) . Briefly, the targets for CTL were autologous skin fibroblasts derived from skin biopsy specimens collected prior to vaccination. Stimulator cells prepared from autologous PBMC collected both prior to and following vaccination were infected with 5 PFU/cell of recombinant vaccinia virus expressing either FIV Gag (vFIV-gag) or FIV Env (vFIV-env) or of WT vaccinia virus (kindly provided by M. J. Burkhard, Ohio State University, Columbus, OH) and fixed with paraformaldehyde. PBMC serving as effector cells were incubated at 37°C with stimulator cells for 3 to 4 days in previously described PBMC medium (35) without IL-2 and then cultured for an additional 3 to 4 days at 37°C in PBMC medium supplemented with IL-2. Target cells were infected with WT vaccinia virus, vFIV-gag, or vFIV-env and then incubated with effector cells at various effector:target cell ratios. Cytotoxicity was measured by the release of lactate dehydrogenase using the CytoTox 96 kit (Promega Corporation, Madison, WI) according to the manufacturer's instructions.
FIV-specific T-cell proliferation assay. FIV-specific T-cell proliferation activity in PBMC following immunization and challenge was measured with a flow cytometric method using a commercial bromodeoxyuridine (BrdU) flow kit (BD Biosciences, San Diego, CA). BrdU incorporated into proliferating cells was stained with anti-BrdU antibody labeled with fluorescein isothiocyanate and detected by flow cytometry. BrdU incorporation was coupled with staining for total DNA with 7-amino-actinomycin D. PBMC were isolated from peripheral blood of vaccinated cats at various time points after inoculation and challenge and plated at 10 6 cells/well in a 24-well tissue culture plate (Nunc, Inc., Naperville, IL) in PBMC medium without IL-2. Twenty-four hours later, 10 g of T-cell mitogen ConA (Sigma), 1 g of inactivated sucrose gradient-purified biological FIV-PPR, or 1 g of inactivated sucrose gradient-purified tissue culture fluid (mock antigen) was added to cell cultures. Purified preparations of biological FIV-PPR were inactivated by treatment with aldrithiol-2 (Sigma) as previously described (32) . Three days following incubation with viral antigen, the cells were stained overnight with 10 M BrdU. The cells were harvested the next day, washed, fixed, and permeabilized using a BrdU flow kit according to the manufacturer's instructions. Finally, BrdU-treated cells were incubated with fluorescein isothiocyanate-labeled anti-BrdU antibody for 45 min at room temperature, stained with 7-amino-actinomycin D, and analyzed for fluorescence with a FACScan using the CellQuest program (Becton Dickinson, San Jose, CA). Data from 50,000 events for each sample were collected and analyzed.
RESULTS AND DISCUSSION
Cellular immune responses were induced by proviral DNA vaccination. An effective antilentiviral vaccine must stimulate and sustain robust humoral and cellular immune responses to confer protection (7, 24) . Accordingly, peripheral blood FIVspecific T-cell proliferation and CTL responses were compared for groups of cats vaccinated with FIV-pPPR⌬vif, FIV⌬vif ATG␥, or FIV-pPPR⌬vif and pCDNA-IFN␥. Lymphoproliferative responses to inactivated FIV were measured at 2, 6, and 10 weeks after inoculation (Fig. 1) . Dot plots representative of data generated by this newly developed FIV-specific T-cell proliferation assay are shown for a vaccinated cat in Fig.  1A . Staining of BrdU-positive cells with anti-CD4 and anti-CD8 monoclonal antibodies revealed that a large proportion (60% to 70%) of the proliferating cells were CD4 T cells (data not shown), as would be expected with antigen stimulation provided by an inactivated virus preparation. Virus-specific T-cell proliferation responses were detected in only one vaccinated cat at 2 weeks after inoculation (Fig. 1B) , peaked at 6 weeks after inoculation (Fig. 1C) , and declined by 10 weeks after inoculation (Fig. 1D) . By 6 weeks following inoculation, two cats vaccinated with FIV-pPPR⌬vif and three cats vaccinated with FIV⌬vifATG␥ exhibited FIV-specific T-cell proliferation responses, with the responses of greater magnitude being induced by the FIV⌬vifATG␥ vaccine. By 10 weeks after inoculation, FIV-specific lymphoproliferative responses declined to insignificant levels for most cats, with the exception of two cats coimmunized with FIV-pPPR⌬vif and pCDNA-IFN␥ and one cat vaccinated with FIV⌬vifATG␥. Although marked differences were not detected in lymphoproliferative responses induced by the different vaccine approaches, immunization with FIV⌬vifATG␥ or with FIV-pPPR⌬vif and pCDNA-IFN␥ produced a slightly higher frequency of FIV-specific responses than immunization with FIV-pPPR⌬vif alone (Fig. 1B to  D) . It is important to note that all cats inoculated with FIVpPPR⌬vif or FIV⌬vifATG␥ remained negative for virus infection as determined by a PBMC virus isolation assay and a real-time PCR assay for PBMC-associated viral DNA (data not shown). These findings indicate that FIV-pPPR⌬vif DNAbased vaccines induced FIV-specific T-cell proliferative responses in a proportion (7 out of 15) of vaccinated cats despite the lack of a detectable viremia.
Virus-specific CTL activities of PBMC were measured for cats at 2, 6, and 10 weeks following immunization. Overall, CTL activities measured at 2 and 6 weeks after inoculation were comparable (Fig. 2) . The highest frequencies of CTL activity were observed in FIV⌬vifATG␥ proviral DNA-vaccinated cats, with three out of five cats expressing FIV-Gag-or Env-specific CTL activity at both 2 and 6 weeks after vaccination. FIV-specific CTL responses were also observed in cats coimmunized with FIV-pPPR⌬vif and pCDNA-IFN␥ plasmid DNA, including one cat at 2 weeks and two cats at 6 weeks postimmunization. In contrast, CTL activity was observed in only one cat vaccinated with FIV-pPPR⌬vif DNA, for one early time point postimmunization. By 10 weeks after vaccination, PBMC CTL activity was less frequent and was detectable in only two cats, both of which were in the FIV-pPPR⌬vif vaccine group (data not shown). Measurable FIV-specific CTL activity was not detected in any of the unvaccinated control cats. In general, these results revealed no appreciable differences in magnitude of CTL activity, with small differences in frequency of virus-specific CTL responses elicited by the different vaccine strategies over time postimmunization. How- The absence of anti-p24Gag antibody detectable by standard serological assays was previously reported for monkeys inoculated with a SIVmac239⌬vif virus (12) and for cats inoculated with FIV-pPPR⌬vif DNA (25) . However, in both of these previous studies, detection of virus-specific antibodies was possible by using either conditions that increase assay sensitivity, as described for an SIV antibody ELISA (12), or an ultrasensitive ConA ELISA that measures FIV Env-specific antibody reactive to FIV-PPR native Env protein captured from purified virus preparations (25) . In the present study, FIV Env antibody titers measured for all vaccinated and unvaccinated cats after vaccination were considered negative due to the high background reactivity of serum samples observed at a prevaccination time point. This high background reactivity prior to FIV immunization was attributed to the vaccination of all specificpathogen-free cats within the study with a commercial feline vaccine containing antigens prepared from feline cell culture systems. Importantly, this finding contrasted with a previous observation of FIV-pPPR⌬vif immunization-induced Env-specific antibody (25) . A possible delay in the emergence of vaccine-induced antibody responses to a time point sometime after 12 weeks postvaccination could not be evaluated, since this study was designed to evaluate protection against an early challenge. Importantly, the absence of any detectable humoral immune responses may have resulted from a reduction of virus expression or virus replication from the proviral DNA vaccine preparations with vif deleted that were used in this study and might reflect an important reduction in vaccine immunogenicity.
FIV-pPPR⌬vif-based vaccines did not elicit protection against infection after challenge with wild-type FIV-PPR. Cats were challenged with 10 50% cat infectious doses of an infectious uncloned FIV-PPR virus stock at 13 weeks after inoculation. The animals were monitored for clinical signs of acute FIV infection, viremia, anti-FIV antibody, and PBMC FIVspecific CTL and T-cell proliferation activity until 12 weeks after challenge. Notable clinical disease or decreases in CD4: CD8 T-cell ratios were not observed after challenge in either the vaccinated or the unvaccinated control cats (data not shown). The absence of CD4:CD8 T-cell ratio alterations observed in unvaccinated control cats was consistent with previous observations in which CD4 T-cell alterations were associated with later stages of infection with the FIV-PPR biological isolate (35) .
Four out of five cats in each experimental vaccine group and from the unvaccinated control group were viremic when assayed by PBMC virus isolation at 5 weeks after challenge and remained viremic through the end of the study at 12 weeks after challenge (data not shown). Virus in peripheral blood was not detected in one cat from each of the vaccine groups and also in one cat within the unvaccinated control group by either PBMC virus isolation or real-time PCR assay for plasma-associated viral RNA for the 12-week time period after challenge (Fig. 3) . Given the distribution of nonviremic cats among the different vaccine and control groups after challenge, the absence of detectable virus load could not be attributed to a specific vaccine approach. However, all four nonviremic cats seroconverted following virus challenge, as measured by a commercial FIV Gag antibody ELISA (data not shown), confirming that these cats were also infected by challenge virus. Plasma viral RNA loads in viremic vaccinated cats following challenge were similar to loads measured for viremic unvaccinated control cats, with peak concentrations occurring between 5 and 12 weeks after challenge and ranging between 10 3 and 5 ϫ 10 5 copies/ml plasma (Fig. 3) . Vaccination with any of the FIV-pPPR⌬vif-based vaccine approaches did not protect cats against infection or significantly reduce virus loads after an early intramuscular challenge with homologous virus delivered at 13 weeks after vaccination. Furthermore, inclusion of plasmids containing IFN-␥ did not enhance the efficacy of the FIV-pPPR⌬vif provirus-based DNA vaccine.
Virus load after challenge did not correlate with FIV-specific cellular immune responses. FIV-specific PBMC CTL activity responses were assayed at 1 week and at either 3 or 5 weeks after challenge, to determine the correlation of cellular responses with virus load. Appreciable differences in memory CTL activity were not observed among the vaccinated groups for early time points after challenge. By 1 week after challenge, either Env-or Gag-specific memory CTL responses were detected in only two vaccinated cats, including one cat vaccinated with FIV-pPPR⌬vif (cat 18) and one cat coimmunized with FIV-pPPR⌬vif and pCDNA-IFN␥ (cat 284) (data not shown). Virus-specific CTL responses were detected in 5 of the 10 vaccinated cats tested at 3 weeks after challenge, including 2 cats vaccinated with FIV-pPPR⌬vif and 3 cats vaccinated with FIV⌬vifATG␥ (Fig. 4A) . Similarly, three cats coimmunized with FIV-pPPR⌬vif and pCDNA-IFN␥ were found to be positive for virus-specific CTL responses at 5 weeks after challenge. The absence of virus-specific CTL activity in all unvaccinated control cats by 5 weeks after challenge, despite the observation of viremia in four of these five cats, suggested that the postchallenge CTL responses detected for vaccinated cats might represent anamnestic responses. An FIV-specific CTL response after challenge was detected in only one of the three vaccinated cats that remained nonviremic after challenge, although CTL activity was detected in all three cats prior to challenge (Fig. 2) . However, four vaccinated cats that were viremic after challenge also demonstrated CTL responses prior to challenge. Thus, CTL responses measured either after vaccination or after challenge did not correlate with reduced virus loads after challenge. FIV-specific peripheral blood T-cell proliferative responses were also assayed in cats at 1, 3, and 6 weeks following challenge. At 1 and 3 weeks after challenge, proliferative responses were detected in two of the FIV⌬vifATG␥-vaccinated cats and one unvaccinated control cat ( Fig. 4B and C) . By 6 weeks after challenge, T-cell proliferative responses were detected in one cat vaccinated with FIV-pPPR⌬vif, two cats vaccinated with FIV⌬vifATG␥, two cats coimmunized with FIV-pPPR⌬vif and pCDNA-IFN␥, and four unvaccinated control cats (Fig. 4D) . Although the frequency of proliferative responses at early time points after challenge (1 and 3 weeks) was higher for the FIV⌬vifATG␥-vaccinated group, these responses did not correlate with protection from viremia after challenge. Furthermore, detection of a strong T-cell proliferation response in an unvaccinated cat at 1 week postchallenge suggested that proliferation activity did not represent anamnestic T-cell responses but instead resulted from ongoing challenge virus replication in the host. Interestingly, three of the four antibody-positive, nonviremic cats exhibited T-cell proliferative responses at 6 weeks after challenge. Detection of FIV-specific lymphoproliferative activity, along with antiviral antibody (see below), in these nonviremic cats most likely reflected low-level challenge virus replication. Also of importance, vaccinated cats remaining nonviremic after challenge had not exhibited FIV-specific lymphoproliferative responses before challenge. Therefore, detection of FIV-specific T-cell proliferation responses after either vaccination or challenge did not correlate with resistance to challenge virus infection. Collectively, these data do not show a relationship between cellular immune responses measured postvaccination and postchallenge and peripheral blood virus load after challenge. However, assays of virus-specific CTL and T-cell proliferative responses in lymphoid tissues were not performed and may be necessary to fully elucidate and compare cellular immune responses associated with the different vaccine strategies and with resistance to challenge.
Major differences in virus-specific humoral immune responses between vaccine groups were not observed following challenge. As stated above, all cats (vaccinated and unvaccinated) seroconverted following virus challenge, based on the results of a commercial ELISA for detection of FIV Gag antibody (data not shown). This finding confirmed that the four cats remaining nonviremic after challenge were infected by the challenge virus. FIV Env-specific antibodies were also detected in vaccinated and control cats after challenge when tested with a ConA ELISA based on native FIV-PPR Env protein cap- jvi.asm.org tured from purified virus. However, significant differences in antibody titers measured for vaccinated compared to unvaccinated control cats were not observed (Fig. 5) . The time of appearance of Env-specific antibodies varied from 2 to 12 weeks after challenge, and no apparent differences were observed in time of emergence of these antibodies between vaccinated and unvaccinated cats. Two of the four cats that remained nonviremic after challenge exhibited FIV Env-specific antibody titers comparable to those measured for virus-positive cats. Interestingly, the two remaining nonviremic cats (cats 216 and 296) exhibited very low FIV Env antibody titers at 12 weeks after challenge. In the face of such low Env antibody titers, serum samples from these two cats were not assayed for Env antibody avidity and conformation dependence. The avidity and conformational dependence of anti-FIV Env antibodies detected after challenge were also assayed, and the findings for the vaccine groups were compared. The Env-specific antibody avidity index was measured by the relative stabilities of the antigen-antibody complexes exposed to 8 M urea to assess the maturation of humoral immune responses. Increasing avidity values after challenge were observed over time for FIV Env antibodies in the majority of vaccinated cats, with increases observed by 8 to 12 weeks after challenge (Fig. 5A to C), compared to 12 weeks postchallenge for unvaccinated control cats (Fig. 5D) . The conformation ratio is a direct measure of the conformational dependence of a particular antibody sample, where conformation ratios of Ͼ1 reflect a predominant reactivity with native envelope glycoproteins and conformation ratios of Ͻ1 reflect a predominant antibody reactivity with denatured envelope glycoproteins. The predominant trend for all vaccinated groups after immunization was a decrease in conformation ratios by 8 to 12 weeks after challenge, indicating a broadening of FIV-Env antibody response. Furthermore, decreases in conformation ratios by 8 weeks postchallenge were observed predominantly in cats vaccinated with FIV⌬vifATG␥ or covaccinated with FIV-pPPR⌬vif and pCDNA-IFN␥. Therefore, although no measurable antibody responses were detected in vaccinated cats after immunization, vaccination with FIV-pPPR⌬vif-based DNA vaccines appeared to prime the immune system so that the secondary antibody responses were slightly more rapid in vaccinated cats. However, differences in Env antibody responses measured for vaccinated cats compared to those for unvaccinated cats were small and did not correlate with protection against virus load after FIV challenge.
The vaccine efficacy observed for the FIV-pPPR⌬vif-based DNA vaccines tested in this investigation was abrogated in comparison to that observed in a previous FIV-pPPR⌬vif DNA vaccine study (25) . However, a comparison of the two vaccine studies reveals differences in experimental variables, including differences in experimental design and methods of preparation of vaccine DNA. In the present study, all vacci- nated cats were administered an early wild-type FIV challenge at 13 weeks following a single priming immunization. In contrast, FIV-pPPR⌬vif-vaccinated cats were challenged approximately 10 months after inoculation in the previous study and received a booster DNA immunization prior to challenge. Immunization by a single inoculation of FIV-pPPR⌬vif DNA 13 weeks prior to challenge may not be sufficient for developing efficacious immune responses against challenge virus. Maturation of vaccine-induced immune responses may require a time period longer than 13 weeks as well as vaccine boosting (12) . Another variable includes differences in route of challenge virus delivery. Challenge virus was administered by intramuscular inoculation for the present study and by intraperitoneal injection for the previous study. Differences in vaccine efficacy imposed by intraperitoneal versus intramuscular routes of challenge virus delivery have not been well examined in FIV vaccine studies, but a few reports (12a, 27) have described differences in vaccine efficacy based on route of challenge. Lastly, vaccine plasmid DNA stocks were prepared by centrifugation in cesium chloride-ethidium bromide gradients for the previous study and were associated with a transient endotoxin response upon the initial priming immunization (25) . Plasmid DNA used for immunization in the present study was prepared with a commercial Endofree kit (QIAGEN). Proviral plasmid DNA prepared by a cesium chloride gradient may differ in either quantity or type of bacterial impurities in comparison to DNA prepared by an endotoxin-free commercial kit. Contaminating bacterial impurities, including bacterial DNA with CpG The first column of graphs shows reciprocal endpoint FIV Env antibody titers as measured by reactivity to native viral glycoprotein captured from purified FIV-PPR virus in a ConA ELISA. Due to the high background reactivity measured at preimmunization time points for a proportion of the cats, a reciprocal log dilution value greater than 800 (horizontal dashed line) is considered significant. The second column of graphs shows FIV Env antibody avidity indices measured by a modified ConA ELISA for each experimental group, as described in Materials and Methods. Conformational dependence of serum antibodies to FIV Env is shown in the third column of graphs and reflects the ratio of serum reactivity to native viral glycoproteins to that to denatured viral glycoproteins, as measured by the ConA ELISA. Avidity and conformational dependence of FIV Env antibodies were determined only at postchallenge time points and for those serum samples demonstrating an OD at 450 nm of 1.0 or greater at a 1:50 dilution of serum (generally at Env antibody titers of 1:1,000 or greater). As a result, avidity indices and conformation ratio values for serum samples from cats 216 (B) and 296 (C) were not determined. Results shown represent the mean values for two or more assays. Cat identification numbers are to the right.
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GAMMA INTERFERON AS VACCINE ADJUVANT 471 motifs, lipopolysaccharides, or other bacterial proteins, may have altered the immunogenicity of the vaccine plasmid DNA and may have affected early virus expression or replication after proviral DNA inoculation. This possibility is further supported by the absence of vaccine-induced FIV Env antibody in the present study, compared to a positive detection of vaccineinduced Env antibody by the same ConA ELISA in the previous FIV-pPPR⌬vif DNA vaccine study (25) . Altogether, these variables, including maturation and boosting of proviral DNA vaccine-induced immune responses, routes for delivery of challenge virus, methods of vaccine DNA preparation, and absence of vaccine-induced Env antibodies, warrant future examination as factors for the efficacy of a vif deletion proviral DNA vaccine. Despite limited evidence that IFN-␥ augmented virus-specific cellular immune responses, FIV-pPPR⌬vif-based proviral DNA vaccines incorporating IFN-␥ did not induce protection or resistance to wild-type FIV challenge or achieve reduced virus loads after challenge. Although obvious differences in replication for FIV-pPPR⌬vif and FIV⌬vifATG␥ were not observed in vitro (21) , coexpression of IFN-␥ may have induced a subtle restriction of virus expression of an already severely attenuated FIV-pPPR⌬vif provirus in vivo, due to its potent antiviral properties. Further reduction of virus replication or expression imposed by coexpression of IFN-␥ could potentially reduce or counteract the positive adjuvant effects of this cytokine and thereby produce a negative effect on the efficacy of this particular proviral DNA vaccine. However, it is important to note that the efficacy of IFN-␥ as an adjuvant could differ with alternative vaccine protocols or challenge conditions. Regardless, these findings indicate the need to assess other cytokines that may enhance both cellular and humoral immune responses for use as an adjuvant for this DNA vaccine approach. Highly attenuated mutant FIV proviruses that encode a cytokine provide an opportunity to evaluate vaccines incorporating lentivirus-regulated expression of cytokines as vaccine adjuvants and warrant further testing in this animal model.
